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The capability of different manganese complexes to act as PS II electron donors in D 1/D 2/ 
cytochrome b 559 complexes has been analyzed by measuring actinic light-induced absorption 
changes at 680 nm (650 nm) and 340 nm, reflecting the photoaccumulation of Pheophytin' 
(Pheo- ) and the reduction of NADP+, respectively. The data obtained reveal: a) the donor 
capacity of synthetic binuclear Mn(III)2 complexes containing aromatic ligands significantly 
exceeds that for MnCl2 in both cases, i.e. Pheo- photoaccumulation and NADP+ reduction; 
b) manganese complexes can serve as suitable electron donors for light-induced NADP+ 
reduction catalyzed by D 1/D 2/cytochrome £>559 complexes and ferredoxin plus ferredoxin- 
NADP+ reductase under anaerobic conditions and c) the specific turnover rate of the system 
leading to NADP+ reduction is extremely small.
The implications of these findings are briefly discussed.
Introduction
The essential steps of photosynthetic water 
cleavage take place within an integral m em brane 
complex associated with extrinsic regulatory poly­
peptides. This operational unit is referred to as 
photosystem  II (PS II) complex. The primary reac­
tions of PS II com prise light absorption, excitation 
energy transfer to  the photoactive pigment (a spe­
cial chlorophyll a designated as P680) and elec­
tron transfer from  its excited singlet state to pheo­
phytin a (Pheo) acting as prim ary acceptor and 
subsequent stabilization of the primary charge 
separation by rapid electron transfer from Pheo- 
to a special plastoquinone molecule Q A (Renger, 
1992). Based on similarities of the functional and 
structural organization of the prim ary processes, 
com ponents P680, Pheo and Q A were inferred to
Reprint requests to Prof. Dr. Gernot Renger, Technische 
Universität Berlin, Max-Volmer-Institut für Biophysika­
lische und Physikalische Chemie, Straße des 17. Juni 135, 
D-10623 Berlin, Bundesrepublik Deutschland.
Telefax: 49-30-31421122.
be incorporated into a heterodim er of polypep­
tides D l  and D 2 of PS II in an analogous way as 
the corresponding groups are incorporated into 
the heterodim er of the l-  and M-subunit of the 
reaction centers of purple bacteria (M ichel and 
Deisenhofer, 1988; Trebst, 1986). This idea is 
strongly supported  by the isolation of PS II com­
plexes that i) contain only D 1 and D 2  together 
with cytochrom e b 559 (= Cyt b 559, two subunits) 
and at least one sm aller polypeptide, and ii) retain 
the ability to perform  the prim ary charge separa­
tion (N anba and Satoh, 1987; B arber et al., 1987). 
A lthough deprived of Q A and the oxygen-evolving 
complex (O E C ), the D 1/D 2/cytochrome £559 
complexes were found to catalyze the electron 
transport from  an artificial electron donor (di- 
phenylcarbazide) to an exogenous electron accep­
tor like silicom olybdate (Chapm an et al., 1988; 
Takahashi et al., 1989). This observation implies 
that an electron transfer can take place from 
Pheo- to exogenous acceptors and that either this 
reaction or the electron donation are able com ­
peting with the rapid internal charge recom bina-
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tion between P h eo “ and P680+. As the redox 
potential of P heo/Pheo- is ra ther low (E m 7 = 
-6 1 0  mV, see Klimov et al., 1979), it appeared 
worthwhile to check if D 1/D 2/cytochrome b 559 
preparation are also able to reduce N A D P + 
(E m 7 = -3 2 0  mV). Recent reports claim that this 
can be the case (A llakhverdiev and Klimov, 1990, 
1992; A rnon and Barber, 1990; Klimov et al., 
1986). In the present study m anganese complexes 
were tested as electron donors for photoaccum u­
lation of Pheo- in the absence of exogenous elec­
tron acceptors and for N A D P+ reduction under 
anaerobic conditions in the presence of ferredoxin 
(Fd) and Fd-N A D P+ reductase. The results ob­
tained indicate that synthetic binuclear complexes 
are efficient electron donors in D 1/D 2/cyto­
chrom e b 559 preparations.
Materials and Methods
D 1/D 2/cytochrome £559 preparations from 
spinach were obtained from  digitonin/Triton 
X-100 PS II fractions (D T 20 preparations, see 
A llakhverdiev et al., 1992; Klimov et al., 1982) 
according to the m ethod of N anba and Satoh
(1987) with some m odifications as described in 
Allakhverdiev et al. (1992). The pigm ent content 
of the isolated D 1/D 2/cytochrome £559 was 
determ ined by HPLC. A ratio of about six chloro­
phylls per two pheophytins was found.
A single-beam differential spectrophotom eter 
with a phosphoroscope similar to that described 
previously (Klimov et al., 1979, 1986; A llakhver­
diev and Klimov, 1990, 1992; A llakhverdiev et al., 
1992) was used to m onitor at 650 nm and 680 nm
the light-induced photoaccum ulation of pheo- 
phytin~ (= P h e o ') . Likewise, at 340 nm the pho to ­
reduction of N A D P+ was m easured. Optical 
pathlength: 1 cm; measuring light beam  \  = 
340 nm, 650 nm or 680 nm; I ~  0.15 W -m ~2; 
actinic light: A. > 600 nm, I ~  100 W m -2. All 
m easurem ents were perform ed at 20 °C.
The binuclear complexes 
[M n(III)M n(III)(H N Q O X )4(O A c)2] and 
[M n (I I I ) -0 -M n (I I I ) (H N Q 0 X )2(0 A c )2(H 20 ) 2] 
symbolized by M-2 and M-3, respectively, con­
tained 2-hydroxy-l.4-naphthoquinone m onoxim e 
(H N Q O X ) as terminal and C H 3COO~ (O A c) as 
bridging ligands (in M-3 there exist in addition a 
p-oxo-bridge). These complexes were synthesized 
according to previously described procedures 
(Charles, 1963; W ieghardt et al., 1985) and charac­
terized by spectroscopic and electrochem ical 
m ethods (Khan, 1993). Ferredoxin and ferredoxin- 
N A D P+ reductase were purchased from Sigma.
The compositions of the sample suspensions 
used in the different experim ents are given in the 
figure legends.
Results and Discussion
W hen thylakoid and PS II m em brane fragm ents 
are exposed to actinic illumination in the presence 
of the strong reductant dithionite (N a2S20 4), 
P heo- accumulates and gives rise to a m arked 
quenching of the chlorophyll fluorescence 
(Allakhverdiev and Klimov, 1990, 1992; A llakh­
verdiev et al., 1978, 1979, 1986; Shuvalov et al., 
1980; Renger and Kayed, 1987). Analogously, 
Pheo^ photoaccum ulation can be achieved also in
• 8-1
Fig. 1. Actinic light-induced absorption 
changes at 650 nm and 680 nm as a 
function of time in Dl/D2/cyto- 
chrome6559 complexes. The sample 
suspension contained: D 1/D 2/cyto­
chrome b 559 complexes (5 pg chloro­
phyll/ml), 35 mM NaCl. 5 m M  MgCl2, 
1 (.im  methylviologen, 20 m M  tris(hy- 
droxymethyl)aminoethane-HCl, pH = 
8.0. Arrows indicate turning on (up) 
and off (down) the actinic light. Trace 
1: control with no further addition; 
trace 2: addition of 1 mg Na2S204/ml; 
trace 3: addition of 50 |.im  MnCl2, traces 
4a/b: addition of 5 |.im  manganese com­
plex M-3.
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D 1/D 2/cytochrom e b 559 preparations in the pres­
ence of methylviologen (M V) and N a2S20 4 
(B arber et al., 1987; Nanba and Satoh, 1987; 
A llakhverdiev et al., 1992; Shuvalov et al., 1989) 
and m onitored by characteristic absorption 
changes in the red region. Light-induced absorp­
tion changes of D 1/D 2/cytochrome £559 p rep­
arations are shown in Fig. 1. In the absence of 
N a2S20 4/M V virtually no absorption change can 
be seen at 682 nm (trace 1 of Fig. 1), a wavelength 
characteristic for P heo“ form ation (Allakhverdiev 
et a l, 1992; Klimov et a l, 1979). Lack of light- 
induced absorption changes is understandable be­
cause the prim ary radical pair recom bines via kin­
etics in the time dom ain of tens of nanoseconds 
(Crystall et a l, 1989; Danelius et a l, 1987; Taka- 
hashi et a l, 1987). O n the o ther hand, in the pres­
ence of N a2S20 4/M V the actinic light causes a 
strong bleaching at 682 nm that biphasically re ­
laxes in the subsequent dark period (trace 2 of 
Fig. 1). This effect is understandable by electron 
donation to P680+ competing with the fast recom ­
bination reaction by Pheo- . For kinetic reasons 
the quantum  efficiency of this process is ra ther low 
(for a num erical analysis in thylakoids, see ref. 
R enger and Kayed, 1987). P h eo - photoaccu­
m ulation therefore provides an indirect test for 
the efficiency of PS II donors. Accordingly, this 
assay was used to analyze several manganese 
com pounds for their capacity to act as PS II 
donor in D 1/D 2 /c y to c h ro m e 559 preparations. 
Trace 3 of Fig. 1 reveals that a much less p ro ­
nounced bleaching is observed if N a2S20 4 is sub­
stituted by 50 [im MnCl2 acting as exogenous 
PS II electron donor (trace 3 of Fig. 1). A t this 
concentration, the M nCl2 to P680 ratio is about 
60 based on a Chi content of 6 molecules per 
two pheophytins in the D 1/D 2/cytochrome b 559 
preparations used in this study. In contrast to 
the com paratively small Pheo" photoaccum ula­
tion achieved by M nCl2 even at excess concen­
trations, a full restoration of this activity is 
achieved by addition of the binuclear manganese 
com plex [M n20 (L w 0 x )2(0 A c )2(H 20 ) 2] where 
LwOx symbolizes the ligand 2-hydroxy-l,4-naph- 
thoquinone m onoxim e and OAc is acetate. The 
am ount of this complex (referred to as M-3) re­
quired to elicit the same extent of 682 nm bleach­
ing as achieved by 1 mg/ml N a2S20 4 (com pare 
traces 2 and 4 a in Fig. 1) is comparatively small
(10 -12  m anganese per P680). No further increase 
of the signal am plitude is observed at tenfold M-3 
concentrations (data not shown). This effect 
clearly shows that com pound M-3 acts as an ef­
ficient electron donor to D 1/D 2/cytochrome b 559 
preparations. In o rder to check that the photo- 
bleaching at 682 nm m ediated by com pound M-3 
really reflects P h e o ' form ation, com parative 
m easurem ents were perform ed at 650 nm 
(trace 4 b of Fig. 1) where the difference spectrum  
exhibits a positive band (A llakhverdiev et a l, 
1992; Klimov et a l, 1978, 1979). The am plitude 
ratio AA650/AA682 of the data nicely fits with that 
of the difference spectrum  of P heo - versus Pheo.
In a recent study (A llakhverdiev et a l, 1994) 
evidence was presented that the binuclear m anga­
nese complexes M-2 and M-3 are much more 
efficient than M nCl2 in electron donation to 
PS II and restoration of the w ater oxidase activity 
in PS II preparations that are alm ost completely 
deprived of their endogenous m anganese by 
N ,N ,N \N '-tetram ethylendiam ine (T E M E D ) trea t­
m ent (A nanyev et a l, 1992). A  com parison of 
these findings with the data presented in Fig. 1 
suggests that similar structural determ inants are 
likely to be responsible for the different efficien­
cies of M nCl2 and M-3 (M-2) in PS II complexes 
and D 1/D 2/cytochrome b 559 preparations. A c­
cordingly, the results of Fig. 1 (traces 2 and4a/b) 
can be considered as further evidence for a special 
affinity of D 1/D 2/cytochrome 5559 complexes to 
m anganese depending on the structure of these 
compounds. The possible relevance of the present 
data in supporting the role of am ino acid residues 
of polypeptide D I  in the photoassem bly of the 
tetranuclear m anganese cluster in the intact water 
oxidase (Nixon et a l, 1992) rem ains to be clarified 
in future studies. Regardless of the latter problem , 
the data of Fig. 1 indicate the potential donor effi­
ciency of the binuclear m anganese complex M-3 
in D 1/D 2/cytochrom e b 559 preparations.
W ithin the context of the donor efficiency of 
several com pounds in D 1/D 2/cytochrome 5559 
complexes another phenom enon will be briefly 
analyzed in this study. Recently, evidence was p re ­
sented for light-induced N A D P + reduction cata­
lyzed by D 1/D 2/cytochrom e b 559 preparations in 
the presence of ferredoxin (Fd), Fd-N A D P+ re ­
ductase, plastocyanin and the PS II donor diphen- 
ylcarbazide (A rnon and Barber, 1990). Therefore,
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it appeared worth analyzing the capacity of M-3 
to support N A D P+ photoreduction  in D 1 /D 2 / 
cytochrome b 559 preparations. Experim ents with 
different m anganese com pounds were perform ed 
under anaerobic conditions (glucose/glucose oxi­
dase) in the presence of Fd and Fd-N A D P+ re ­
ductase. The process was m onitored at 340 nm 
where the N A D P+/N A D PH  difference spectrum  
exhibits a pronounced peak. Fig. 2 shows the data 
obtained. In the absence of an exogenous electron 
donor virtually no change of the 340 nm absorp­
tion is induced by excitation of the sample with 
actinic light. A significant but m inor increase of 
this absorption is observed upon illum ination of 
D 1/D 2/cytochrome 6559 preparations in the pres­
ence of 80 jXM M nCl2 corresponding to about 
50 donor molecules per P680 (trace b of Fig. 2). 
The slope of the absorption increase progressively 
declines during the exposure to actinic illum i­
nation. A fter cessation of the light a decrease of 
the 340 nm absorption change is observed. A 
m arkedly m ore pronounced light-induced increase 
of the absorbance at 340 nm is elicited by the b i­
nuclear m anganese complexes M-2 and M-3 
(trace c and d, respectively, in Fig. 2). In o rder to
Fig. 2. Actinic light-induced absorption changes at 
340 nm as a function of time in D 1/D 2/cytochrome b 559 
complexes. The sample suspension contained: D1/D2/ 
cytochrome b 559 complexes (10 jug Chl/ml), 35 mM 
NaCl. 3 m M  MgCl2, 3 m M  NADP+, 10 m M  ferredoxin. 
6  [ig/ml Fd-NADP+ reductase. 10 mM glucose. 50 activity 
units/ml glucose oxidase. 1 0 0 0  activity units/ml catalase 
and 20 mM Tris-HCl. pH = 8.0. Arrows indicate turning 
on (up) and off (down) the actinic light. Trace a: no 
further additions; trace b: plus 80 [.im  MnCl2; trace c: plus 
10 [im binuclear manganese complex M-2; trace d: plus 
10 [im binuclear manganese complex M-3.
confirm that these 340 nm changes are really due 
to N A D P + reduction, the light-induced difference 
spectra were measured in the range from 300 to 
400 nm. As expected, no light-induced change is 
observed in the control without any addition 
(trace a of Fig. 3). A fter addition of N A D P + only 
a small increase of the absorbance is seen in the 
range from 300 to 400 nm (trace 2 of Fig. 3). In 
m arked contrast, a pronounced difference spec­
trum  arises in the presence of N A D P+ and com ­
pound M-3. The spectral feature is characteristic 
for N A D P + reduction.
The idea of a PS II-catalyzed N A D P+ reduction 
is further supported by the finding that a special 
d initrobenzene derivative recently discovered to 
act as electron transport inhibitor of D 1 /D 2 / 
cytochrom e 6559 preparations (A llakhverdiev 
et al., 1989) completely suppressed the M-3- 
m ediated light-induced 340 nm absorption change 
(data not shown).
The findings reported in this study unam bigu­
ously show that M-2 and M-3 are potent m ediators 
of light-induced N A D P+ reduction in D 1 /D 2 / 
cytochrom e b 559 complexes. As in the case of 
photoactivation of the w ater oxidase activity in 
m anganese-depleted D T 20 PS II preparations the 
binuclear complex M-3 is also more efficient than 
M-2 in supporting N A D P + reduction in D 1 /D 2 / 
cytochrom e b 559 samples (compare traces c and d
Wavelength
Fig. 3. Extent of actinic light-induced absorption changes 
as a function of wavelength in D l/D2/cytochrome b 559 
complexes. Experimental conditions as in Fig. 2 but 
without NADP+. Trace a: no addition; trace b: plus 3 mM 
NADP+; trace c: plus 3 m M  NADP* and 10 [ im  complex 
M-3.
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of Fig. 2). Two conclusions can be drawn from the 
result of this study: a) the donor capacity of 
m anganese com pounds depends on their chemical 
nature, i.e. binuelear m anganese complexes are 
much m ore efficient than M nCl2, and b) D 1/D 2/ 
cytochrom e b 559 complexes can catalyze N A D P+ 
reduction with PS II donors under anaerobic 
conditions.
A t first glance, the latter effect seems to be spec­
tacular. How ever, it has to be emphasized that the 
absolute ra te  of N A D P+ reduction is rather slow. 
A n evaluation of the data presented in Fig. 2 re­
veals that at m ost a rate of 2 [imol NAD PH /m g 
C hl-h  can be achieved under our experim ental 
conditions. This value has to be com pared with the 
m ore than 100-fold rates obtained with silico- 
m olybdate as electron acceptor and either 1 mM 
D PC  (about 900 jieq/mg Chi) or 1 mM M nCl2 
(400-500  [ieq/mg C hl-h) as PS II donors (C hap­
m an et al., 1988). Therefore, the electron trans­
fer from  the acceptor side of D l/D  2/cyto­
chrom e 6559 preparations to the enzymatic sys­
tem  consisting of ferredoxin and Fd-N A D P+ 
reductase appears to be extremely slow. Based on 
a N A D P + reduction rate of 2 - 4  [xeq/mg Chi • h and 
a chlorophyll content of 6 per D l/D  2/cyto­
chrom e b 559 complex a rough estim ation leads to 
values for the electron transfer time of the rate- 
limiting step that are of the order of 2 -3  min. This 
phenom enon could be simply explained within the 
fram ew ork of the classical Marcus theory of ther­
mally activated non-adiabatic electron transfer 
(M arcus and Sutin, 1985) by assuming a com para­
tively large distance betw een P heo- and the iron 
sulfur cluster of Fd. Using the empirical relation 
recently derived for the distance dependence of
Allakhverdiev S. I., Zharmukhamedov S. K., Klimov 
V. V., Vasil’ev S. S., Korvatovsky B. N. and 
Pashchenko V. Z. (1989), Effect of dinoseb and other 
phenolic compounds on fluorescence decay kinetics 
of photosystem II chlorophyll in higher plants. Biol. 
Membr. 6, 1147-1153.
Allakhverdiev S. I. and Klimov V. V. (1990), Photo­
reduction of NADP+ in subchloroplast preparations 
of photosystem II in higher plants. Biol. Membr. 7, 
497-505.
Allakhverdiev S. I. and Klimov V. V. (1992), Photo­
reduction of NADP+ in photosystem II of higher 
plants: Requirements for manganese. Z. Naturforsch. 
47 c, 57-62.
the m atrix elem ent for electron coupling between 
redox groups in proteins (M oser et al., 1992) dis­
tances are obtained in the range of 2 5 -3 0  A. 
These values are reasonable if one takes into 
account that the enzymes and the D l/D  2/cyto­
chrom e b 5 59 complexes form  aggregates that are 
not favourable for electron transfer.
Therefore, it is concluded, that in principle 
P heo - of PS II can provide the reducing pow er for 
N A D P+ reduction. However, for kinetic reasons 
owing to structural constraints only marginally 
small rates can be achieved. It has to be em pha­
sized that this extrem ely low activity was observed 
under optim al conditions where P heo- is pho to ­
accum ulated in its reduced state (see Fig. 1). In a 
PS II complex with open reaction center the 
P heo” becom es reoxidized by Q A with a reaction 
time of about 300 ps (B ernarding et al., 1994; 
E ckert et al., 1988; Nuijs et al., 1986). Therefore, 
the probability of an electron transfer to N A D P+ 
is virtually zero, i.e. this reaction does practically 
not occur under norm al conditions. For theoretical 
reasons it might be interesting to clarify w hether 
or not the conditions for an electron transfer from 
P heo- to N A D P+ can be drastically improved (e.g. 
by using lipophilic redox m ediators).
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